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ABSTRACT

The multiplicity of cellular infection (MOI) is the number of virus genomes of a given virus species that infect individual cells.
This parameter chiefly impacts the severity of within-host population bottlenecks as well as the intensity of genetic exchange,
competition, and complementation among viral genotypes. Only a few formal estimations of the MOI currently are available,
and most theoretical reports have considered this parameter as constant within the infected host. Nevertheless, the colonization
of a multicellular host is a complex process during which the MOI may dramatically change in different organs and at different
stages of the infection. We have used both qualitative and quantitative approaches to analyze the MOI during the colonization of
turnip plants by Turnip mosaic virus. Remarkably, different MOIs were observed at two phases of the systemic infection of a
leaf. The MOI was very low in primary infections from virus circulating within the vasculature, generally leading to primary foci
founded by a single genome. Each lineage then moved from cell to cell at a very high MOI. Despite this elevated MOI during cell-
to-cell progression, coinfection of cells by lineages originating in different primary foci is severely limited by the rapid onset of a
mechanism inhibiting secondary infection. Thus, our results unveil an intriguing colonization pattern where individual viral
genomes initiate distinct lineages within a leaf. Kin genomes then massively coinfect cells, but coinfection by two distinct lin-
eages is strictly limited.

IMPORTANCE

The MOI is the size of the viral population colonizing cells and defines major phenomena in virus evolution, like the intensity of
genetic exchange and the size of within-host population bottlenecks. However, few studies have quantified the MOI, and most
consider this parameter as constant during infection. Our results reveal that the MOI can depend largely on the route of cell in-
fection in a systemically infected leaf. The MOI is usually one genome per cell when cells are infected from virus particles moving
long distances in the vasculature, whereas it is much higher during subsequent cell-to-cell movement in mesophyll. However, a
fast-acting superinfection exclusion prevents cell coinfection by merging populations originating from different primary foci
within a leaf. This complex colonization pattern results in a situation where within-cell interactions are occurring almost exclu-
sively among kin and explains the common but uncharacterized phenomenon of genotype spatial segregation in infected plants.

Viral populations can evolve rapidly, even during a single host
infection, and the resulting changes in the population ulti-

mately can affect the outcome of viral diseases. A clear example of
this is the emergence of drug-resistant mutants of animal/human
viruses, of resistance-breaking variants of plant viruses, or of re-
combinant genotypes with an enlarged host range. Therefore, it is
not surprising that increasing efforts are being made to character-
ize parameters defining within-host evolution of viral popula-
tions.

Since viruses are obligate intracellular parasites, a fundamental
parameter determining their within-host population dynamics/
genetics is the multiplicity of cellular infection (MOI), defined as
the number of genomes of a given virus species that infects a cell.
The MOI influences two major processes in viral evolution,
namely, the population bottlenecks and the interactions among
genotypes. Within-host bottlenecks are linked to the number of
infected cells during host colonization and to the MOI at which
these cells are infected. The overall intensity of interactions among
viral genomes, i.e., competition, genetic exchange, functional
complementation, and collective action, depends to a large extent
on the probability of encountering different genotypes within host
cells, a probability that is directly linked to the MOI. Given the
impact of the MOI on these key processes, many theoretical and

empirical studies using cell cultures have directly explored the
impact of different MOI regimens on virus evolution (1–8). These
studies show that proceeding as a single genome or as a group of
genomes during cell infection can largely influence viral fitness
and virulence.

It is remarkable that many unrelated viruses can prevent sec-
ondary infections of cells by closely related genotypes (9–18). In
these cases of “superinfection exclusion,” different viral genotypes
coinfecting a host are rarely found coinfecting cells, and they
sometimes segregate into distinct groups of cells or tissues within
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which only one genotype is observed (19–25). Superinfection ex-
clusion and spatial segregation of genotypes has been observed in
some host-virus models but not in others (26), suggesting incon-
stant or different mechanisms for the control of cell infection
among viruses.

Understanding such contrasting cell coinfection patterns is
important because they lead to different predictions on the com-
position, spatial structure, and evolution of viral populations
within a host. Unfortunately, thus far, formally connecting these
coinfection patterns to distinct MOIs is difficult due to the paucity
of data. The MOI has been quantified in only a few multicellular
host-virus models: an insect virus (27), an arbovirus in its mos-
quito vector (28), four plant viruses (each in a different host) (26,
29–32), and HIV (33–35). In all cases the estimated values ranged
from one to a few genome units per cell, suggesting that the MOI
generally is low. Beyond this small number of reports, the current
view is biased by the fact that, in both theoretical and experimental
studies in cell culture, the MOI has been oversimplified and set as
a constant value during the infection cycle. Nevertheless, MOI
changes during host invasion recently have been observed in two
distinct virus models: (i) the MOI of Cauliflower mosaic virus
(CaMV) can increase from 2 to 13 genomes per cell in successively
colonized leaves (26), and (ii) the MOI of HIV in CD4� blood cells
increases during the late chronic phases of the infection (33).

Here, we present a detailed analysis of the MOI of an RNA
virus, Turnip mosaic virus (TuMV; genus Potyvirus), during infec-
tion of turnip plants. We analyzed the colonization of the host
compartments most important for the virus cycle (i.e., sieve tubes,
companion cells, mesophyll, and epidermis) and at different time
points during infection. Our results show that the MOI is below
one genome per cell in companion cells primarily infected from
the vasculature, resulting in the coexistence of several clonal lin-
eages initiated from distinct infection foci within a single leaf. The
MOI then sharply rises to several tens of genomes per cell when
these lineages progress into the mesophyll through cell-to-cell
movement, allowing intense interactions between kin viral ge-
nomes. We also observed a marked spatial segregation of two ge-
netically labeled genotypes of TuMV, showing that lineages that
initiated independently within a leaf rarely coinfect cells later, de-
spite high MOIs in the mesophyll. Here, we explain this observa-
tion by showing that numerous TuMV genomes can enter and
infect the same mesophyll cell, but that this is possible for only a
very short time due to the rapid onset of an unknown but very
efficient mechanism of superinfection exclusion.

MATERIALS AND METHODS
Plasmid constructions. We generated TuMV clones expressing either
mGFP5 or mRFP1 tagged with a nuclear localization signal (NLS). This
modification concentrated fluorescence in nuclei, facilitating identifica-
tion of infected cells and limiting free diffusion of fluorescence proteins
between cells. The sequences of all primers used to create the clones are
available upon request. The QuikChange site-directed mutagenesis kit
(Stratagene) was used to insert a single copy of the NLS of the large T-an-
tigen protein of simian virus 40 (36) right after the coding region of
mGFP5 in the plasmid p35Tunos/cGFP (37) to create p35Tunos/cGFP-
NLS. This plasmid contains the entire sequence of TuMV-UK1 with
mGFP5-NLS inserted between the viral genes NIb and CP. The mGFP5-
NLS coding sequence in this construction is flanked by NIa proteolytic
cleavage sites, inducing the release of free mGFP5-NLS from the TuMV
polyprotein. The coding sequence of the nucleus-targeted mGFP5 then
was replaced by the mRFP1 gene (Clontech) to create p35Tunos/cRFP-

NLS. This was performed using the megaprimer method and the site-
directed mutagenesis kit from Stratagene. To create agroinoculation-in-
fectious clones, full TuMV genomes of both p35Tunos/cGFP-NLS and
p35Tunos/cRFP-NLS were excised through digestion with SmaI and ApaI
and inserted in SmaI/ApaI-linearized pCambia0390, generating pCam-
bia-tunos/cGFP-NLS and pCambia-tunos/cRFP-NLS.

Aphid rearing, plant growth conditions, and virion purification.
Colonies of the aphid species Myzus persicae were reared on eggplant as
previously described. Turnip plants (Brassica rapa cv. Just Right) were
maintained in an insect-proof growth chamber under controlled condi-
tions (temperature, 24/15°C; photoperiod 15/9-h day/night). TuMV viri-
ons were isolated from turnip plants 20 days after agroinoculation with
either the green fluorescent protein (GFP) clone or the RFP clone and
using a combination of the methods of Murphy et al. and Sako (38, 39).

Inoculation and sampling. Plantlets at the third leaf stage were me-
chanically inoculated with virion suspensions or agroinoculated with the
above-described pCambia plasmids. For both inoculation methods, inoc-
ula consisted of a mixture of the GFP and the RFP clones at a 1:1 ratio,
verified using reverse transcription-quantitative PCR (RT-qPCR) or op-
tical absorbance of bacterial suspensions. Mechanical inoculation was
carried out by rubbing a virion suspension containing 1 �g of virus par-
ticles and Carborundum abrasive powder on the second leaf level. Agroi-
noculation was performed as previously described (40).

The appearance of new leaves (budding) on the inoculated plants was
monitored and noted daily in order to allow leaf sampling at a precise leaf
age. Six leaf discs (0.8-cm diameter) distributed evenly over the leaf sur-
face were sampled for each leaf. In some experiments, whole leaves were
collected instead (indicated in the text). RNA from individual leaf samples
was extracted using the RNeasy plant minikit (Qiagen) by following the
manufacturer’s instructions.

During the growth of turnip host plants, leaves appear successively to
develop a rosette. Leaves can be numbered according to their order of
appearance, and the first leaf of each plant corresponds to leaf level one in
a plant set, the second to leaf level two, and so on. When considering a leaf
of a single plant, we usually indicate its leaf number (1st leaf, 2nd leaf, 3rd
leaf etc.), whereas when considering a whole plant set the term leaf level is
used, which corresponds to an ensemble of leaves with the same leaf
number.

RT-qPCR. All primers used for qPCR and RT-qPCR are available
upon request. For each sample (either plant or aphid RNA extracts), re-
verse transcription was carried out using avian myeloblastosis virus
(AMV) reverse transcriptase (Promega) by following the manufacturer’s
specifications. cDNAs then were diluted 1/10, and two microliters were
used as the template in a real-time qPCR with the LightCycler 480 SYBR
green I master (Roche) in a LightCycler 480 thermocycler (Roche). The
PCR program for virus quantification was 95°C for 10 min, 45 cycles of
95°C for 15 s, 65°C for 15 s, and 72°C for 15 s, and then a melting curve
analysis. The program for quantification of the actin transcript was iden-
tical except for the annealing temperature (62°C instead of 65°C). Differ-
ent primer pairs were used to estimate virus copy number in plants and in
aphids due to specificity problems.

PCR fluorescence data were analyzed using LinReg software (41). Plas-
mid dilutions containing the full genome of each TuMV clone or the B.
rapa actin gene provided standard curves, which were used to estimate
and compare the virus copy number in aphids or the normalized virus
copy number per actin transcript in plant leaves, respectively. The mrfp1
frequencies in each of the samples were calculated by dividing the number
of mrfp1 copies by the sum of the number of copies of both mrfp1 and
mgfp5.

Marker neutrality. Forty plants were inoculated in parallel with a
virion suspension containing a 1:1 mixture of the two genotypes. Five leaf
levels (levels 6, 11, 16, 21, and 27) were sampled, each at a different time
during infection, in all of the plants. All leaf levels were sampled at 13 days
of development, when the sink-to-source physiological transition had al-
ready taken place and leaves generally were fully infected. The inoculated
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leaf also was sampled just before its senescence. For each sampled leaf,
RNA was isolated and the relative frequency of the mRFP1 and GFP5
clones estimated with quantitative RT-PCR.

Recording of spatial segregation during infection of a leaf. Twelve
plantlets were agroinoculated with a 1/1 ratio of the two genotypes on the
2nd and 3rd leaves. mRFP1 and mGFP5 fluorescence levels in leaf level 7
(the second systemically infected leaf level) were scanned 10 times in 15
days (at days 7, 8, 9, 10, 11, 15, 17, 18, 21, and 22 after appearance on the
plant) in all of the plants. Analyses of the same leaves along a time course
was possible because the plants had been potted in containers, allowing us
to place plants in a Typhoon FLA 9000 scanner (GE Healthcare Life Sci-
ences) and to scan the fluorescence of uncut leaves. Excitation wave-
lengths of mGFP5 and mRFP1 were 473 nm and 532 nm, respectively.
Filters for mGFP5 and mRFP1 fluorescence acquisition were BPB1
(530DF20 nm) and BPG1 (570DF20 nm), respectively. Pixel size was set to
50 �m. A white-light image of each leaf was taken at the last sampling
point. Observation with confocal microscopy of sites coinfected by both
the GFP and RFP clones was done with an LSM700 confocal microscope
(Zeiss). mRFP1 was excited with a 555-nm LED laser, and the mirror was
set to record emission from 555 to 620 nm. mGFP5 was excited with a
488-nm LED laser, and emission was collected from 490 to 530 nm.

Estimation of the MOI during primary leaf infection when the virus
exits sieve elements. Leaf level 7 was examined in six plants from the
above-described experiment by recording spatial segregation during the
infection of a leaf. Fluorescent foci of the three possible types (GFP, RFP,
or dual fluorescence) were counted in the images obtained at day 7 after
appearance of leaves on the plant, the first time point of the previous
experiment (for an example, see the first image in Fig. 2A). Only discrete
patches with a rounded shape and a small size were counted to avoid
patches derived from coalescence of more than one initial infection focus.
The average MOI in the cells that initiated each of these foci was estimated
using the methodology previously described (26), with estimates of the
frequency of patches showing dual fluorescence, the frequency of each
fluorescent variant in the leaf (calculated from the respective number of
patches with a specific fluorescence), and the total number of patches
counted in each leaf.

Estimation of the MOI during ulterior cell-to-cell movement. Three
separate sets of plants were inoculated with a virion suspension (1:1 mix of
the two genotypes) on leaf level 1. Each set consisted of 40 to 60 plants.
Inoculated leaves were collected 4 days after inoculation. At this time
point, fluorescent circles indicative of infection foci are easily visualized
on the leaves under the microscope. Preliminary experiments had shown
that few infection foci derive from systemic infection at the selected time
point and that the inoculum dose was close to saturation (not shown).
mRFP1 and GFP5 fluorescence was scanned on whole leaves using a Ty-
phoon FLA 9000 scanner (GE Healthcare Life Sciences) as described
above. After scanning, leaves were kept between humidified paper for
further analysis with confocal microscopy. Images were immediately an-
alyzed for foci with total or partial colocalization of the two fluorescence
channels. Confocal microscopy images of the detected coinfected foci
then were taken using an LSM700 confocal microscope (Zeiss) as de-
scribed above. In all cases of coinfected foci, the actual colocalization of
the two TuMV genotypes within individual cells was ascertained by scru-
tinizing optical sections provided by confocal microscopy. The model
developed to infer the MOI during cell-to-cell movement from these ob-
servations is described in Results.

Time to activate superinfection exclusion. Three systemically in-
fected leaves, each from a different plant, were collected when they had
reached their 13th day of development. Leaves were observed under con-
focal microscopy, and images of frontiers between two patches of infected
cells, each patch showing a different fluorescence, were taken as described
above. For each of the three collected leaves, six such frontiers were ana-
lyzed. As shown in Fig. 1G, a line was drawn along the frontier, and 4 to 6
additional perpendicular lines were drawn at a 100-�m interval (only one
perpendicular line is shown in Fig. 1G; the cell diameter is around 40 �m)

using ImageJ software (42). Cells showing the two fluorescence channels
in confocal optical sections were counted on lines perpendicular to the
frontier.

To determine the speed of cell-to-cell movement, leaf level 1 was in-
oculated with a virion suspension in 20 plants in parallel. Plants were
potted in containers, allowing us to place them in a Typhoon FLA 9000
scanner (GE Healthcare Life Sciences). Fluorescence on the inoculated
leaf was scanned at 3 and 4 days postinoculation as described above. The
diameter of 247 foci at both sampling dates was estimated on the images
and used to determine the number of cell-to-cell movements in 24 h.

Estimation of viral load in sap. Quantification of viral load in sap
during infection was performed as previously described (43), with modi-
fications. Briefly, the method is based on the fact that Myzus persicae
aphids engaged in sustained feeding on phloem sap containing freshly
collected sap within their gut that is constantly renewed. Thus, the viral
load in the sap flowing into a young leaf at a given time point can be
estimated through the quantification of the viral load in aphids. Using this
method, we estimated the viral load in five leaf levels (leaf levels 6, 11, 16,
21, and 27) that appear consecutively on the plant during infection.

One hundred plantlets were mechanically inoculated with a virion
suspension. At each of the 5 sampling points (one per leaf level analyzed),
20 plants were randomly drawn and 90 M. persicae aphids per plant were
caged on the selected leaf level. The selected level always had 5 days of
development before sampling. At this age, leaves have not yet gone
through the sink-to-source transition and phloem sap flows into them.
Three groups of 10 aphids were collected from each of the 20 leaves after
10 min on the leaf, a period during which aphids probe leaf cells but do not
feed from the phloem. The same caged populations again were sampled
using the same protocol after an overnight feeding period, a period long
enough to allow continuous phloem feeding. The whole leaf also was
collected and its RNA extracted. Plants then were discarded. RNA from
each group of 10 aphids was isolated using the RNeasy minikit (Qiagen).
Viral load in aphids and in leaves was quantified using quantitative RT-
PCR as described above.

Spatial segregation of and cell coinfection by the GFP and RFP
clones in different leaf levels. Twenty plantlets were agroinoculated as
described above. mRFP1 and mGFP5 fluorescence channels in five leaf
levels (levels 6, 11, 16, 21, and 27) were recorded when leaves were 13 days
old in all of the plants. For each level, leaves were collected and their
fluorescence scanned with a Typhoon FLA 9000 scanner (GE Healthcare
Life Sciences). For each leaf, several parameters were estimated using the
ImageJ macro “Leaf Infection Tools” (http://dev.mri.cnrs.fr/wiki/imagej
-macros/Leaf_Infection_Tools). The estimated variables were total sur-
face, mRFP1 and mGFP5 surface, and surface with colocalization of both
fluorescence channels.

RESULTS
Two fluorescently labeled TuMV clones spatially segregate in
infected leaves. To easily visualize cell coinfection and spatial seg-
regation, we adapted an approach successfully reported for other
plant RNA viruses (19, 24). We created two TuMV clones only
differing in an allelic sequence coding for a fluorescent protein,
either mGFP5 or mRFP1. We first confirmed the equicompeti-
tiveness of the two clones by monitoring their relative frequencies
in 20 plants coinfected in parallel on six successive leaf levels (Fig.
1A). The relative frequency of the two clones did not significantly
change in the plant set over time (linear mixed-effect model on the
relative frequency of one genotype with leaf level as a fixed effect
and individual plant as a random effect [F6, 192 � 1.877, P �
0.086]), indicating that the two clones are equicompetitive in our
experimental conditions. In a new, similar plant set, we next
analyzed their respective distributions in infected tissues. Be-
cause an NLS peptide is fused to the reporter proteins to pre-
vent passive diffusion into neighboring cells, the fluorescence
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of RFP and GFP concentrated in the nuclei of infected cells and
could easily be distinguished both at the tissue and cell levels
(Fig. 1B to G).

Although the two clones coinfected individual plants, they col-
onized distinct territories within each leaf, leading to a patchwork
distribution of mGFP5 and mRFP1 fluorescence, a phenomenon
earlier described for several plant viruses and often referred to as
spatial segregation (Fig. 1B to D). We believe that two successive
phenomena are at the basis of spatial segregation, irrespective of
plant virus species. First, the two viral clones that move long dis-
tances in the same veins must separate when initiating infection
foci in systemically infected leaves. Second, superinfection exclu-
sion must preclude remixing of the clones during expansion of the
various infection foci through cell-to-cell movement. With these
simple conditions, the genotypes separated when exiting the vas-
culature would progress cell to cell into healthy tissues and be
arrested when encountering previously infected territories. To in-
vestigate this process in further detail, we report here (i) a quan-
titative approach to estimate a very low MOI in companion cells
during initial loading of the virus from sieve tubes, (ii) quantita-
tive estimates of the MOI in mesophyll/epidermis during subse-
quent cell-to-cell movement, and (iii) the efficiency and timing of
the inhibition of secondary infection.

Leaf cells primarily infected from the vasculature are in-
fected at low MOI. We monitored the distribution of mGFP5 and
mRFP1 fluorescence during systemic invasion of a single develop-
ing leaf. Our goal was to visualize how spatial segregation was
established and potentially maintained during leaf infection and
development. Fluorescence was scanned daily in the 7th leaf of a
plant (one of the first leaf levels to be fully systemically infected)
for a 15-day period spanning from early stages of leaf development
to full maturity. The experiment was repeated on 12 plants in-
fected in parallel, and one representative plant is shown in Fig. 2.
Due to natural and virus-induced wrinkling of the leaves, some
leaf regions (mainly those close to the main vein) were not always
in contact with the screen during scanning, hampering the record-
ing of fluorescence in these specific areas.

Fluorescence, indicative of infection, was already present at the
first sampling point (at 14 dpi), when the young leaves were 7 days
old (Fig. 2A). Fluorescence first appeared in patches close to veins
that later increased in size until most of the leaf surface became
infected when the leaf was 11 days old. We clearly observed the
establishment of spatial segregation, and once established, this
phenomenon did not revert or further evolve within a leaf. The
distribution of the mGFP5 and mRFP1 fluorescence remained
nearly identical after day 9 (Fig. 2A, compare days 9, 10, and 11),

FIG 1 Spatial segregation of TuMV genotypes expressing fluorescent proteins in a leaf. (A) Relative frequency of the mRFP1 clone in different leaf levels of 20
turnip plants coinoculated in parallel with mRFP1- and mGFP5-expressing TuMV clones. Each leaf level except that of the inoculated leaf (leaf level 3) was
sampled at the same age (13 days after apparition on the plant). Relative frequencies were calculated as the number of copies of the mRFP1 clone divided by the
sum of the copies of mRFP1 and mGFP5 clones. The variations of the relative frequency of the two clones across leaf levels was not significant (statistical analysis
is detailed in the text), indicating that the two clones are equally competitive in our experimental conditions. (B and D) Detail of a leaf coinfected by the mGFP5-
and the mRFP1-expressing TuMV clones. Epifluorescence images were recorded with a Typhoon FLA 9000 (bar, 0.5 cm). The GFP channel (B), the RFP channel
(C), and a merge image of both channels (D) are shown. mGFP5 and mRFP1 fluorescence rarely overlap, indicating spatial segregation. (E to G) Frontier between
two infection fronts in a leaf viewed with confocal microscopy (bar, 50 �m). Optical sections of the GFP and RFP channels and merge images (E, F, and G,
respectively). Fluorescence is readily visible in the nuclei of cells. The curved lines indicate the frontier between two infection fronts, and the perpendicular lines
across the curved lines are used to guide the counting of the number of cells where the two fluorescent genotypes colocalize in the nucleus.
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until the overall virus-related fluorescence decreased to a point
where it was barely distinguishable from leaf autofluorescence
(Fig. 2A, compare days 7 to 11 to days 15 to 21). Interestingly, this
total loss of virus-related fluorescence did not correlate with leaf
senescence (Fig. 2B), signs of which could not be observed before
an additional period of 7 days or more (at least after day 24) (not
shown). Since the TuMV genome is translated as a single large
polyprotein, all gene products (including reporter fluorescent
proteins) are generated together. Thus, the decay in virus-related
fluorescence suggests that viral protein expression stopped before
day 15, long before leaf senescence and cell death.

At early time points, the infected foci were observed along the
veins. We immediately noted that isolated foci showed a single
fluorescence (Fig. 2A and C), except in rare instances shown in
Fig. 2D to F and further discussed below. The distance between
initial foci on the same vein could reach up to 0.5 cm (Fig. 2C),

suggesting that the entry of the virus occurs in a limited number of
cells. Because companion cells are densely packed all along sieve
elements within veins, these qualitative results strongly suggest
two phenomena: (i) a low rate of infection of companion cells
from virus navigating in the vasculature, and (ii) infection of these
companion cells with a single viral genome on average, as attested
by a single fluorescence in the immense majority of the observed
foci. Please note that in the vein regions away from infection foci,
we could not detect any fluorescence in companion cells, confirm-
ing that they are rarely infected.

Six plants out of this plant set were used to analyze and count
377 infection foci along the leaf veins and to estimate the MOI at
this early stage of the infection cycle as described in Materials and
Methods. Only six coinfected foci were observed out of the 377
counted (frequency of coinfected foci per leaf, 0.018 � 0.013
[means � standard deviations {SD}]). The average MOI calcu-

FIG 2 Systemic infection of a leaf by TuMV clones expressing fluorescent proteins. (A) Time course analysis of the fluorescence in a leaf systemically infected by
two TuMV clones, each expressing a fluorescent protein (mGFP5 in green and mRFP1 in magenta). The 8 images are epifluorescence-merged images of the RFP
and GFP channels recorded at the indicated time points, during the life of the same leaf, with a Typhoon FLA 9000 (GE Healthcare Life Sciences). The
virus-induced fluorescence totally disappeared from day 15 on. At these late points, images were taken with a higher photomultiplier voltage to be able to visualize
the leaf through its autofluorescence. The inset from day 8 is enlarged in panel C. (B) At day 21 the leaf is not senescent, as shown here with visible light, although
some damage due to repeated manipulation is visible (bar, 2 cm). (C) The dotted white line follows a vein to facilitate estimation of the distance between infection
foci on the same vein (bar, 0.4 cm). (D to F) One of the rare primary infection foci appearing along veins where the two fluorescent genotypes colocalized (bars,
200 �m). Optical sections obtained with confocal microscopy of the GFP (D) and RFP (E) channels and merge images (F).
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lated from these primary infection sites was estimated to be 0.072
(95% confidence interval [CI], 0.029 to 0.146), further confirming
that most foci were initiated by a single genome.

High MOI during cell-to-cell movement. Confocal micros-
copy analysis of the very rare primary infection foci that exhibited
both fluorescence channels provided an unexpected result. In
these cases, when the two genotypes coinfect a cell, one of the
fluorescent alleles should be rapidly lost if the MOI is low during
subsequent cell-to-cell movement. We did not observe such a flu-
orescence loss, despite the fact that infection sometimes had pro-
gressed up to 30 cell-to-cell movements from the vein (Fig. 2D to
F), indicating that the MOI during subsequent cell-to-cell move-
ment must be high enough to maintain both clones.

To formally quantify the MOI during cell-to-cell movement,
we used an approach similar to that of Miyashita and Kishino (30).
This approach is based on the fact that when a population goes
through periodic genetic bottlenecks between generations, the
size of these bottlenecks defines the speed of fixation of neutral
alleles in the population. During leaf colonization by TuMV, we
assumed that a new generation takes place at each cell-to-cell

movement. Under this assumption, the probability of fixation of
one of the fluorescent markers in our TuMV population during
cell-to-cell movement depends on the MOI: the lower the MOI,
the faster the fixation of one of the genotypes in the population.

We mechanically inoculated leaves with a highly concentrated
suspension of purified virions containing a mixture of equal amounts
of mGFP5- and mRFP1-expressing TuMV. This method generates
distinct infection foci all over the leaf (local lesions), and most foci
originate from the infection of a single cell. Foci generally showed a
rounded shape at 4 days after inoculation (Fig. 3A to C), and the
number of concentric cell layers from the center to the border of the
foci was 14 cells on average at this time point (95% CI, 13 and 16).
Later, infection often reached veins leading to foci with asymmetric
shapes (not shown). In order to look for rare doubly infected foci, we
scanned the fluorescence at 4 days after inoculation in three replicate
experiments of around 50 leaves each. We analyzed 3,240 foci in total,
among which only 85 exhibited dual fluorescence (2.7%). The ab-
sence of doubly infected cells in the center of the 3,155 foci with a
single fluorescence (not shown) was carefully checked by examining
the cell nuclei in optical sections as shown in Fig. 3A to C.

FIG 3 Analysis of the MOI during cell-to-cell movement of TuMV. (A to C) An optical section of an infection focus, visualized under confocal microscopy 4 days
after mechanical inoculation of a virus suspension on a leaf. Colocalization of the two types of fluorescence can be observed all over the foci (bars, 100 �m),
although with variable intensity in the inner and outer parts, which might be due to distinct maturation and turnover time for the two fluorescent proteins
produced in plant cells. Single-channel images in GFP (green) (A) and RFP (magenta) (B) channels and a merge image (C). (D to I) Same as panels A to C, but
this time images were taken from two distinct foci (D to F and G to I, respectively) where sectors showed a single fluorescence (bars, 200 �m). (J) Estimation of
the MOI during cell-to-cell movement through simulations. MOI values (y axis) versus the probability of losing a marker after 13 (red circles) or 16 (black circles)
cell-to-cell movements (x axis). Locally weighted scatterplot smoothing (LOWESS function, R software) was used to fit a curve to the data and to graphically
estimate MOI values (full lines). The dotted lines indicate the MOI values for which there is a probability of losing one marker of 0.085 after 13 cell-to-cell
movements or a probability of losing a marker of 0.245 after 16 cell-to-cell movements.
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We then analyzed whether there were sectors (groups of cells)
containing a single kind of fluorescence in each of the doubly
infected foci. Such sectors would result from the loss of one of the
fluorescent genotypes in the population that progresses from cell
to cell (29). We only identified 14 out of 85 foci (16.5%; 95% CI,
8.5% to 24.5%) presenting a sector with only one fluorescence
type, indicative of fixation of one of the genotypes in the sector
(Fig. 3D to I). Those foci presented two distinct patterns of fluo-
rescence distribution. In 12 out of the 14 foci, the focus was di-
vided in two sectors, each with a single fluorescence (Fig. 3D to F).
In the two remaining foci, two sectors were visible: one showed
coinfection, whereas the other showed a single type of
fluorescence (Fig. 3G to I). These patterns of fluorescence distri-
bution could be the result of two foci initiated in distinct neigh-
boring cells instead of a focus initiated in a single coinfected cell.
Since we could not distinguish between the two situations (single
focus versus two foci in contact) and in order to provide a conser-
vative conclusion, we included all such foci in the analysis.

To quantify the MOI using the parameters estimated as de-
scribed above and their variability, we simulated the cell-to-cell
progression of a virus population in a linear array of cells. In our
simulation, each cell is infected from a virus population issuing
from a single cell, the previous one in the series. The rationale and
implications of this simplification are detailed in Discussion. In
our simulation, cell 0, the first cell in the series, is inoculated with
two genomes, one of each type. A viral population of 1,000 ge-
nomes then is generated within the cell by random sampling of the
infecting genotypes. An MOI value next is randomly drawn from
a zero-truncated Poisson distribution of mean �, and the corre-
sponding number of viral genomes is drawn from the population
in cell 0 and transferred to cell 1. If one genotype is lost during the
transfer, the infection series is arrested at cell-to-cell transfer 1;
otherwise, the infection similarly progresses from cell to cell until
a defined number of cells is reached. Simulations were run with
two maximal numbers of cell-to-cell movements corresponding
to the observed 95% CI of the average numbers of cell-to-cell
movements 4 days after inoculation (13 and 16, as indicated
above). This simulation allows stochastic processes to take place
during both replication and movement.

We used a range of � values from 1 to 100 to determine the
probability of losing an allele after a given number (n) of cell-to-
cell movements (max_n; either 13 or 16) (Fig. 3J). For each � value
and max_n, we performed 106 simulations and recorded the fre-
quency at which fixation had occurred. Using locally weighted
scatterplot smoothing (44) (LOWESS function, R software), we
then fit a curve through the data and estimated a conservative 95%
CI of �, which corresponded to the MOI of TuMV during cell-to-
cell movement in the mesophyll. We determined the maximum �
value as that leading to the lowest 95% CI of the observed proba-
bility of fixation (0.085) after the largest 95% CI of the observed
number of cell-to-cell movements (16); this gives an MOI upper
value of 41.5. Similarly, we determined the minimum � value as
that leading to the highest 95% CI of the observed probability of
fixation (0.245) under the smallest 95% CI of the observed num-
ber of cell-to-cell movements (13); this gives an MOI lower value
of 21.7.

Superinfection exclusion operates shortly after cell infec-
tion. The high MOI estimated during cell-to-cell movement
should facilitate multiple infections of cells by different genotypes.
However, across a whole leaf, the rate of cell coinfection by the two

fluorescent clones was low (Fig. 1 and 2). As indicated earlier, this
low coinfection rate could be due to the initial separation of the
two genotypes resulting from the low MOI in companion cells
from the vasculature, associated with a mechanism of superinfec-
tion exclusion. Such a mechanism could rapidly develop and pre-
vent extensive secondary mixing of the genotypes when their re-
spective infection fronts come into contact, even if the MOI is high
at this point. Thus, we set up a protocol to determine the time
required for the onset of superinfection exclusion in cells infected
by TuMV.

To estimate the speed of cell-to-cell movement on the infection
front, we determined the average time to infect a new cell during
radial growth of foci between 3 and 4 days after mechanical inoc-
ulation. The speed of cell-to-cell movement of TuMV was calcu-
lated from 247 infection foci (local lesions) from a total of 20
different inoculated leaves, each from a different plant, as de-
scribed in Materials and Methods. The infection front advanced
with an average speed of 2.94 � 0.97 h/cell (means � SD).

We then estimated the number of cell-to-cell movements that
a genotype can actually make when entering into an area already
infected by another. This information can be obtained by count-
ing the number of cells that express both types of fluorescence at
the junction between mGFP5 and mRFP1 territories within a leaf
(an example is depicted in Fig. 1E to G). After defining a line of
cells as the approximate frontier between the two patches, we
measured the number of cells showing dual fluorescence in lines
perpendicular to the frontier line (Fig. 1G). The number of coin-
fected cells found along these perpendicular lines was 1.71 � 0.92
(means � SD) on each side of the frontier. Thus, superinfection
exclusion appears to be activated and fully effective in less than 6 h,
a lapse during which the virus can undergo two successive cell-to-
cell movements at most. We made this estimate in leaves that are
13 days old, where the infection is fully developed, and where the
infection fronts and the color patches do not further advance or
evolve, as shown in Fig. 2 and further confirmed in the next sec-
tion.

Spatial segregation is maintained during infection. The ob-
served spatial segregation of the two TuMV genotypes in system-
ically infected leaves relies on their initial separation when enter-
ing leaf tissues, i.e., at an MOI close to one genome per cell in
primarily infected companion cells. We hypothesized that this low
MOI results from a low TuMV titer in the sap flowing into the
leaves at early infection stages. The question was whether the
TuMV load in the sieve tubes could increase when infection pro-
gresses into upper leaf levels and whether this could later lead to
higher MOIs in primarily infected cells and to relaxed spatial seg-
regation of the two clones. To address this, we monitored the viral
load in sap through time, in parallel to the establishment of spatial
segregation, in successive leaf levels appearing during TuMV in-
fection (Fig. 4 and 5).

The TuMV load in the phloem sap was evaluated as previously
described for CaMV, for which aphids were used as pure-sap col-
lection devices (43). We analyzed phloem sap in young sink leaves
(when leaves were 5 days old) from five successive leaf levels of 20
plants infected in parallel. For each individual leaf, we determined
the viral load in aphids after an overnight period of sustained
feeding into the sieve tubes. Figure 4A shows that the TuMV sap
load significantly changed during infection (linear mixed-effects
model with leaf level as fixed effect and plant as random effect;
F4, 68 � 4.709; P � 0.002), but that this change was limited and
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remained in the same order of magnitude, from a few hundred to
around a thousand virus genomes per aphid.

As controls, we also estimated the viral load in short-fed aphids
(feeding for a few minutes on epidermis and mesophyll) and di-
rectly in the leaf extracts (mainly mesophyll cells). The TuMV load

in short-fed aphids generally was 100 times lower than that in
long-fed ones (compare Fig. 4A to B), and the dynamics of the
viral load between the two treatments was significantly different
(linear mixed-effect model with treatment and leaf level as fixed
effects and plant as random effect; F1, 3, 159 � 76.677; P � 0.0001),

FIG 4 Dynamics of the viral load in sap of TuMV-infected turnip plants. (A) Viral load per aphid in aphids having fed overnight on different leaf levels after
subtraction of the viral load in aphids having fed for 10 min in parallel on the same leaf levels. (B) Viral load in aphids having fed for 10 min on a given leaf level
(y axis in log scale). (C) Viral load (copies of virus genome per copy of actin mRNA) in the leaves on which aphids fed. Letters indicate significant differences.

FIG 5 Analysis of spatial segregation on different leaf levels. Merged images of fluorescence in RFP and GFP channels from five leaf levels (leaf level numbers are
indicated on the right corner of each image) of the same plant. (B and C) Single-channel images (GFP in green and RFP in magenta) used to create the merge
images in panel A. Patches with no fluorescence could be due to the natural curvature of the leaves, to incomplete infection, or, in the last levels, to infection by
mutants having lost the expression of functional fluorescence proteins. (D) Percent of the surface showing colocalization of the two types of fluorescence relative
to the overall fluorescent surface in the different leaf levels.
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confirming that aphids from each treatment fed on different tis-
sues. The dynamics of the viral load in short-fed aphids and in leaf
tissue (i.e., virus copies per copy of actin gene mRNA) both
showed a significant peak in leaf level 27 (P � 0.001 by Tukey’s
honest significant difference) (compare Fig. 4B to C). This peak in
viral load in leaf level 27 also was observed in long-fed aphids and
in the sap (Fig. 4A). We did not observe a significant change in the
copy number of the actin mRNA among leaf levels, the house-
keeping transcript used to standardize viral load in leaves (not
shown), suggesting that the increase in viral load late in infection
(leaf level 27) was not due to a technical artifact.

To monitor spatial segregation of mRFP1 and mGFP5 clones
with the passage of time and compare it in successive leaf levels, we
developed a methodology that uses images of a whole leaf in the
two fluorescence channels to quantitatively analyze the fluores-
cent landscape. Our methodology allows estimating the total leaf
surface, the total fluorescent surface, and the surfaces showing
either mGFP5, mRFP1, or both kinds of fluorescence (see Mate-
rials and Methods for details). A set of 20 plants was inoculated
with the two fluorescent clones in a 1:1 ratio, and both fluorescent
channels were scanned on five leaf levels, the same levels sampled
during estimation of viral load in sap. Each level was scanned at a
different time point during infection, when leaves had gone be-
yond the sink-to-source transition, i.e., when virus transport into
the leaf level from the vasculature had stopped. Spatial segregation
of the two clones was observed in all leaf levels, and we did not
detect a significant change in the relative colocalization area of the
two kinds of virus-derived fluorescence (linear regression; F4, 88 �
1.866; P � 0.123) (Fig. 5A to D).

DISCUSSION

The observation of sparse primary foci showing a single type of
fluorescence in systemically infected leaves (Fig. 2C) provides
qualitative evidence of a very low MOI in cells colonized from the
sieve elements. The collected data consistently lead to an esti-
mated MOI of 0.072 in companion cells. That only a small fraction
of the companion cells appear to be infected initially can be ex-
plained by their poor susceptibility to TuMV. An alternative ex-
planation is that the viral load in the sap of sieve tubes (here des-
ignated viremia) is too low, with the number of virions available
per susceptible companion cell being the limiting factor. The
small fluctuations of viremia during systemic infection suggest
that the viral load is rather stable, with variation not exceeding
about 2-fold (Fig. 4). This situation contrasts with that in CaMV-
infected turnip plants in which important increases of viremia
after the onset of the infection probably lead to increases in the
MOI (26).

Potential differences in MOI depending on the route of infec-
tion, from the sieve elements versus from other cell types, initially
were suggested by the distribution of virus-derived fluorescence
within the rare foci that were coinfected in systemically infected
leaves. In those foci, the two fluorescent genotypes moved to-
gether from cell to cell in all directions, resulting in expanded foci
homogeneously harboring the two types of fluorescence (Fig. 2D
to F), and this is possible only if the MOI is high. To formally
quantify this high MOI during cell-to-cell movement, we artifi-
cially generated doubly infected foci and monitored the loss of one
genotype during expansion. We chose to estimate the probability
of losing a genotype in one focus through the observed frequency
of the doubly infected foci that presented a sector with a single

kind of fluorescence. This choice is conservative, because these
mixed foci might indeed stem from initial doubly infected single
cells, but they also could stem from two single infections in neigh-
bor cells. Although the latter cases are not relevant for our analysis,
we cannot unambiguously distinguish them, and their inclusion
in the analysis could only lead to an underestimate of the MOI.

Once the probability of losing a genotype during cell-to-cell
movement was empirically established (0.165 after 14 cell-to-cell
movements) (Fig. 3J), a simulation was used to infer the MOI. In
this simulation, we considered a linear array of cells. Each cell was
infected by the viral population of the previous cell in the row. We
are aware that this is probably an oversimplified model of plant
cell connections, but we used it because it has been developed
previously, applied, and discussed for the estimate of the MOI of
another plant virus (30), allowing a direct comparison.

Our MOI estimate during cell-to-cell movement of TuMV
(MOI of �30 genomes/cell) is much higher than those previously
reported for any other virus (for a review, see reference 45), in
particular for other plant RNA viruses, such as Tobacco mosaic
virus (TMV) (29), Soilborne wheat mosaic virus (SBWMV) (30),
Tobacco etch virus (TEV) (46), and Citrus tristeza virus (CTV) (32).
The MOI ranges between 5 and 6 for SBWMV and between 1 and
2 for TMV, TEV, and CTV. Such low MOIs are thought to be at the
origin of the spatial segregation observed in plants infected by
those viruses. Here, despite a larger MOI during cell-to-cell move-
ment, a marked segregation of genotypes also was observed
throughout infection, suggesting that a constant low MOI is not
required for spatial segregation. Obviously, a low MOI is required
at some point of the infection process to isolate genotypes, but
then virus genomes can multiply enter cells when progressing into
noninfected tissue and stop when encountering a previously in-
fected one. A way to reconcile the absence of large overlap when
two infection fronts collide despite the elevated MOI is to assume
that viral genomes can enter cells only during a limited period of
time, calculated here to be around 6 h. This observation points to
a fast-acting mechanism of superinfection exclusion in TuMV-
infected cells, which deserves future investigation. Although su-
perinfection exclusion mechanisms have elegantly been shown to
be a key parameter in plant virus biology, they remain largely
uncharacterized (47).

This is the first evidence that the distribution of MOI values
within an infected leaf is not unimodal but rather follows at least a
bimodal distribution related to different MOIs in distinct sub-
populations of cells. It is possible that assuming a unimodally
distributed MOI among the cells of a leaf has biased MOI estima-
tions in most previous studies with plant viruses which might have
tissue tropisms similar to that of TuMV (26, 29, 46). Those studies
generally have analyzed the MOI on extracted protoplasts, an ap-
proach that does not retain the spatial structure of tissues and
cannot distinguish different MOIs in different cell populations.
For example, we have obtained an average MOI of close to 1 in
TuMV-infected leaves when estimating the MOI from extracted
protoplasts (not shown). Whether the MOIs in a leaf follow a
multimodal distribution in other plant viruses could be tested
using a combination of in situ approaches, as we did in this work.
Beyond plant viruses, current data on HIV also suggest a multi-
modal distribution of the MOIs depending on the infection route,
with a low MOI when the infection takes place from cell-free virus
and a high MOI during cell-to-cell virus transfers (48).

Overall, the results reported here define a detailed model of
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systemic infection of leaves by TuMV. In this model, virus geno-
types moving together long distances in the vasculature are indi-
vidually isolated during the first phase of leaf infection. The lin-
eages originated in primary-infected cells progress from cell to cell
at a high MOI, allowing multiple infection of cells by the offspring
of the initial genotype. A fast-acting superinfection exclusion
mechanism restricts the subsequent mixing of these lineages to a
narrow overlapping zone at the boundaries of their respective ter-
ritories.

This scenario can have multiple and important consequences
on the genetics and evolution of TuMV populations. For example,
the maintenance of defective interfering particles in the popula-
tion likely is constrained by low-MOI phases in companion cells
hampering complementation and potentially resetting a clean
population at leaf entry. In another example, recombination
within a lineage is favored during cell-to-cell movement at high
MOI, whereas recombination between different lineages is very
much limited to a few cells at the frontier between foci. Remark-
ably, the recombinants generated in those frontier cells may have
little chance to migrate to the vascular system, since all neighbor-
ing cells probably are infected and are refractory to superinfection.
In other words, those recombinants likely are trapped within the
cells where they are generated unless an insect vector picks
them up.

More generally, it is remarkable that TuMV genotypes interact
differently depending on their relatedness. At the whole-host
level, each genotype interacts with others mainly through compe-
tition for leaf cells or leaf areas. In contrast, genotypes generated
within a cell usually descend from the same parental genotype that
created the initial infection focus in a companion cell colonized
from the vasculature. Thus, beyond competition, intergenotype
intracellular interactions like recombination, complementation,
or cooperation are possible and likely intense during cell-to-cell
movement but occur almost exclusively among kin.

The behavior of TuMV contrasts with that of CaMV, previ-
ously described in the same host (Brassica rapa, cv. Just Right)
(26). Both viruses share many aspects of their biology, including
host range, tissue specificity, vector species, and geographical dis-
tribution. We have shown previously that the MOI of CaMV var-
ies during plant colonization and is modulated by fluctuations of
the viral load in the vascular system (26). As a result, an MOI of 13
genomes per cell was estimated in leaves infected during viremia
peaks, leading to 100% of the cells colonized by the two CaMV
genotypes coinfecting the plant (when the two genotypes were
equally frequent in leaves). This absence of spatial segregation
opposes the observation reported here with TuMV in the same
host. Whether CaMV genotypes can be together in primary infec-
tion sites within leaves or whether they are transiently separated
and later mixed due to an absence of superinfection exclusion is
unknown.

Given that differences in the colonization pattern between
TuMV and CaMV have been observed in the same host plant and
that the two viruses supposedly are well adapted to turnip, one can
speculate on whether viruses control their colonization behavior,
that is, whether the presence/absence of spatial segregation is the
result of viral adaptation. Viruses could change the probability of
multiple infections in primary infection sites just by adjusting the
viral load in the vasculature. The logic behind this is straightfor-
ward: the more viruses uploaded in the phloem vessels, the higher
the viral load and the more likely primary sites would be multiply

infected. The HIV load in the vasculature and its dynamics have
been shown to be determined partly by the viral genotype and are
amenable to change during adaptation (49). Interestingly, we have
observed that TuMV replication stopped approximately 10 days
before cell death (Fig. 1A, leaf from 15 days of age and onwards), a
phenomenon that can limit viral load in sap, as leaves with old
infections would not contribute viruses to the sap. Alternatively,
viruses could migrate as single or groups of virus particles within
the vasculature, leading to the infection of primary sites by one or
several genomes. The speed of superinfection exclusion is another
parameter that also could be modulated to regulate the MOI. Al-
though it is uncharacterized in plants, the mechanisms of super-
infection exclusion are rather diverse in animal viruses (12–14, 18,
47), and each mechanism may take a different period of time to
operate. A longer period would imply a larger time window for
superinfection and the entry of more genotypes in the same cell.
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